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Despite decades of research in the field of human reproduction, the mechanisms responsible for human parturition still remain elusive. The objective of this study was to describe the changes in the exosomal miRNA concentrations circulating in the maternal plasma between mothers delivering term and preterm neonates, across gestation using a longitudinal study design. This descriptive study identifies the miRNA content in exosomes present in maternal plasma of term and preterm birth (PTB) (n = 20 and n = 10 per each gestational period, respectively) across gestation (i.e., first, second, and third trimesters and at the time of delivery). Changes in exosomal miRNA signature in maternal plasma during term and preterm gestation were determined using the NextSeq 500 highoutput 75 cycles sequencing platform. A total of 167 and 153 miRNAs were found to significantly change (P , 0.05) as a function of the gestational age across term and PTB pregnancies, respectively. Interestingly, a comparison analysis between the exosomal miRNA profile between term and PTB reveals a total of 173 miRNAs that significantly change (P , 0.05) across gestation. Specific trends of changes (i.e., increase, decrease, and both) as a function of the gestational age were also identified. The bioinformatics analyses establish that the differences in the miRNA profile are targeting signaling pathways associated with TGF-b signaling, p53, and glucocorticoid receptor signaling, respectively. These data suggest that the miRNA content of circulating exosomes in maternal blood might represent a biomolecular "fingerprint" of the progression of pregnancy. (Endocrinology 160: 2019) N ormal term human parturition is initiated when fetal organ systems are matured at any time between 37 and 40 weeks of gestation. Conventional theories of parturition initiation signaling are primarily linked to fetomaternal endocrine and immune changes in the intrauterine cavity, correlating with fetal growth and development (1) . Homeostatic imbalances produced by these changes, specifically biochemicals released by maturing fetal organs, can lead to an inflammatory overload that disrupts the maintenance of pregnancy, resulting in labor-related changes (2) (3) (4) . More precise knowledge of these signals and their mechanisms in normal term pregnancies can provide insight into pathologic activation of these signals, which can cause spontaneous preterm parturitions. Besides the fetus, fetal components of the intrauterine tissues (fetal membranes and placenta) also contribute to parturition initiation signals. Recently, we and others have reported that senescence of the placenta/membranes generates "sterile inflammation" that can enhance inflammatory load in the maternal uterine tissues capable of triggering parturition (5) .
Communication between the fetal tissues and maternal organs is fundamental for a healthy pregnancy, and recently the participation of extracellular vesicles, especially in a specific type of extracellular vesicles originated from endosomal compartments, called exosomes, in cellto-cell communication has been identified (6, 7) . We have recently identified the fetal-derived signaling through exosomes by senescent fetal membrane (amniochorion) cells at term (8) . Exosomes transport materials from cells and function as intercellular communication channels. Exosomes are generated by the intraluminal invagination of early endosomes, giving rise to multivesicular bodies and released into the extracellular environment upon the fusion of multivesicular bodies with the plasma membranes (9) (10) (11) . Exosome contents represent the character, that is, the physiologic and metabolic state, of the cell of origin. This makes the exosomes a good vector of paracrine signaling as well as biochemical indicators of function of the cell of origin (9) . Therefore, the placenta and placental membrane cells provide functional contributions during pregnancy and signal their status through exosomes, contributing to the pregnancy and promotion of fetal delivery (as well as their own) when the fetus is mature (12) .
Exosomes are involved in cell-to-cell signaling mainly due to their inherent property to carry bioactive molecules (consisting of proteins, bioactive lipids, and RNAs), which are delivered to the target cells to regulate the biological functions. Interestingly, exosomes are enriched in small noncoding RNA such as miRNAs (13) . miRNAs are a class of small (;22 nucleotides long) noncoding RNAs that negatively regulate gene expression by binding to the 3 0 untranslated region of target mRNAs. Interestingly, several studies have demonstrated that changes in the maternal circulating miRNAs or in placental tissues might reflect the maternal metabolic state that may be used as biomarkers of pregnancy complications. Functional studies have also shown the roles of miRNAs in regulating myometrial contractility during parturition (14) . However, most studies have been conducted on identifying the total circulating miRNAs (i.e., a mix of soluble, protein-associated, and vesicle-associated miRNAs) and at single time point during gestation, as a cross-sectional study design.
Multiple reports have identified the usefulness of placental-derived exosomes in predicting high-risk status for various adverse pregnancy outcomes. These include preeclampsia (15) , gestational diabetes (16) , and intrauterine growth restriction (17) . Thus, the fetal tissue exosomes serve as proxy for underlying tissue level changes in normal and abnormal pregnancies (6) . Therefore, the role of circulating exosomes in maternal blood merits further investigation.
We designed a non-hypothesis-driven, descriptive study to discover exosome miRNA cargoes that are differentially expressed in total maternal plasma to generate a profile of their longitudinal changes during each stage of gestation and real-time insight into functional changes associated with gestational age in term and preterm birth (PTB) pregnancies. We also determined whether these miRNA signatures differ between preterm and term births and correlated their likely functions and reasons for their overabundance at a given state of pregnancy based on bioinformatics analysis.
Subjects and Methods

Study group and biospecimen collection
A hospital-based cohort of pregnant women was initiated in 2015 at a district hospital in Gurugram, Haryana (Gurugram Civil Hospital, GCH), India by the Pediatric Biology Center, Translational Health Science and Technology. Serial biospecimens are being collected across pregnancy (at the first, second, and third trimesters), at delivery, and after delivery. Ultrasound images are acquired serially during pregnancy, and the period of gestation is confirmed at enrolment by performing a dating ultrasound using standard fetal biometric parameters. Well-characterized clinical and environmental information is also maintained. The sample preparation at the study site is carried out in the research laboratory established at GCH on nationally accredited equipment from the National Accreditation Board for Testing and Calibration Laboratories. Plasma samples are stored at -80°C until analyses. All women provide written informed consent, and the study is approved by the Institute and Hospital Ethics Review Board.
Selection of samples for this study
The selection of biospecimens for this study has been carried using a nested case control design. The cases and controls have been selected from a defined universe comprised of participants who had a normal singleton vaginal delivery, with no congenital abnormalities or associated comorbidity (e.g., preeclampsia, gestational diabetes, pregnancy-induced hypertension, medical condition complicating complication) at any time in pregnancy. The cases were subjects delivered preterm defined as ,37 completed weeks period of gestation. Participants who delivered at .37 completed weeks to 40 completed weeks were considered as controls. The cases and controls were matched to parity, sex of the baby, and month of delivery.
Enrichment of exosomes from maternal blood
Exosomes were isolated from plasma as previously described (18) . In brief, plasma was diluted with an equal volume of PBS (pH 7.4) and centrifuged at 2000g for 30 minutes at 4°C (Sorvall ® high-speed microcentrifuge, fixed rotor; Thermo Fisher Scientific, Asheville, NC). The 2000g supernatant fluid was then centrifuged at 12,000g for 45 minutes at 4°C (Sorvall ® high-speed microcentrifuge, fixed rotor; Thermo Fisher Scientific). The resultant supernatant fluid (2 mL) was transferred to an ultracentrifuge tube (10 mL; Beckman, Brea, CA) and centrifuged at 100,000g for 2 hours (Sorvall ® T-8100 fixed ultracentrifuge rotor). The 100,000g pellet was suspended in PBS (10 mL) and filtered through a 0.22-mm filter (Steritop™; Millipore, Billerica, MA) and then centrifuged at 100,000g for 2 hours. Finally, the pellet containing the enriched exosome population was resuspended in 250 mL of PBS for the characterization of exosomes and RNA extraction.
Transmission electron microscopy
For electron microscopy analysis, exosome pellets were fixed in 3% (w/v) glutaraldehyde and analyzed under an FEI Tecnai 12 transmission electron microscope (FEI, Hillsboro, OR) as we previously described (19) .
Western blot
Western blot was performed to ascertain the identity of the exosomes using exosomal-specific markers (TSG101, CD9, and CD63) as well as Golgi marker Grp94, which is not enriched in exosomes. Standard Western blot protocols were used and the detailed protocols can be seen our prior reports (15, (20) (21) (22) ). An Odyssey ® CLx imaging system (LI-COR Biosciences, Lincoln, NE) was used to visualize the fluorescent bands.
Nanoparticle tracking analysis
Nanoparticle tracking analyses were performed using a NanoSight NS500 instrument (NanoSight NTA 2.3 nanoparticle tracking and analysis release version build 0033; Malvern Instruments, Malvern, United Kingdom) following the manufacturer's instructions. Samples were diluted 1:1000 with Dulbecco's PBS to obtain 10:100 particles per image (optimal ;50 particles per image). The NS500 instrument measured the rate of Brownian motion of nanoparticles in a light-scattering system that provides a reproducible platform for specific and general nanoparticle characterization (NanoSight, Amesbury, United Kingdom). Suspended nanoparticles were passed through the laser beam that traversed the sample chamber and scattered the light, discerning the nanoparticles through a microscope. The samples were mixed before introducing them into the chamber (temperature, 25°C), and the camera level was set to obtain an image that had sufficient contrast to clearly identify particles while minimizing background noise (camera level, 10; capture duration, 30 seconds). The captured videos (two videos per sample) were then processed and analyzed. Each video file was processed and analyzed to give the mean and mode of particle sizes, along with the concentration and the number of particles. An Excel spreadsheet was automatically generated and data were imported into GraphPad Prism 7 (La Jolla, CA).
Exosomal RNA isolation
Exosomal RNA was extracted using an RNeasy Mini Kit 50 (Qiagen, Hilden, Germany) and TRIzol LS reagent (Life Technologies, Carlsbad, CA). The manufacturers' protocols were followed, with slight modifications in accordance with a protocol used previously (20, 23) . A spectrophotometer (SPECTROstar Nano microplate reader; BMG Labtech, Cary, NC) was used to quantify RNA concentration. Following a cleanliness check and blank measurement using RNase-free water, 2 mL of sample was pipetted onto each microdrop well on an LVis plate. RNA concentration was measured using MARS data analysis microplate reader software.
Next-generation sequencing
Sequencing libraries were generated using the TruSeq Small RNA Library Prep Kit (Illumina, San Diego, CA), according to the manufacturer's instructions, and as previously described (19, 20) . Two hundred to 800 ng of exosomal RNA was used as input for library preparation. These RNA samples were barcoded by ligation with unique adaptor sequences to allow pooling of samples in groups of 24. Subsequently, these ligated samples were reverse transcribed, PCR amplified, and size selected using gel electrophoresis. Finally, the DNA libraries were eluted from the gel pieces overnight in 200 mL of nuclease-free H 2 O. The elution containing the pooled DNA library was further processed for cluster generation and sequencing using a NextSeq 500 high-output kit 75 cycles and Illumina NextSeq 500 sequencing platform, respectively.
Statistical analysis and bioinformatics analysis
The number of exosomes released from individuals are represented as mean 6 SE (n = 20 for term and n = 10 for PTB, independent isolations from each patient from each trimester). For RNA sequencing, first the FASTQ file generated from nextgeneration sequencing was preprocessed to remove adaptor sequences using the TagCleaner program (http://edwards.sdsu. edu/tagcleaner). Subsequently, known and novel miRNAs were detected within the preprocessed FASTQ data using the miRDeep2 program (24) . After detection, the miRNA counts and corresponding miRNAs were extracted from the output file. Differential expression and statistical analysis of sequencing data were performed by the DESeq2 package in R. This package uses a generalized linear model to perform differential expression. Statistical analysis and significance were calculated using various tests and adjusted for multiple testing. Adjusted statistical significance was assessed as P , 0.001-0.05. Sequencing data have been deposited in the Gene Expression Omnibus database under no. GSE115572. The effect of pregnancy condition (i.e., normal or PTB) on the size distribution (mean and mode) of the exosomes was assessed using a pairwise post hoc test (Tukey honest significant difference test). No significant differences (P . 0.05) were observed. Table 1 describes the comparison between the demographic and the clinical characteristics of the cases and controls. No significant differences between various sociodemographic parameters were seen between cases and controls, except for body mass index (which has been adjusted in our analysis).
Results
Description of the participants
Exosome isolation and characterization
Particles between 30 and 120 nm were identified on nanoparticle tracking analysis and analyzed per trimester (Fig. 1A-1C) , and the cup-shaped morphology was identified using electron microscopy (Fig. 1D ). Exosomes were found to be positive for CD63, CD9, and TSG101 (Fig. 1E ) but negative for Golgi marker Grp94. No differences were observed in size distribution, protein abundance (CD9, CD63, and TSG101), and morphology between exosomes isolated from term and PTB.
Exosomal miRNA signature across normal pregnancy A total of 167 miRNAs across gestation in term pregnancies revealed significant changes (P , 0.05).
Hierarchical clustering analysis of the average miRNA expression profiles across gestation revealed a variety of trends (Fig. 2) . Specifically, trends that increased to a maximum peak expression in the third trimester are clusters A and C (A = 11, C = 15); trends that rapidly decreased in expression until the end of the first trimester and then increased to a peak at the end of the second trimester are clusters B, F, G, I, J, K, L, M, and N (B = 13, F = 2, G = 11, I = 13, J = 13, K = 21, L = 4, M = 13, N = 23); an increasing trend throughout gestation was identified in cluster E (E = 19); a trend that rapidly decreased in expression until the end of the first trimester and then increased in expression until the end of the third trimester was observed for cluster H (H = 2); and a trend that increased rapidly from the beginning of the third trimester is cluster D (D = 7). miRNAs with the largest maximum expression in each cluster are as follows ( Fig. 3 ; Table 2 ): A, hsa-miR-3200-5p; B, hsa-miR-320a; C, hsamiR-25-3p; D, hsa-miR-10b-3p; E, hsa-miR-143-3p; F, hsa-miR-4718; G, hsa-miR-203a-3p; H, hsa-miR-6862-1-5p; I, hsa-miR-3117-3p; J, hsa-miR-8060; K, hsa-miR-324-5p; L, hsa-miR-129-1-5p; M, hsa-miR-6769b-5p; and N, hsa-miR-6715a-3p.
Exosomal miRNA signature across PTB pregnancy A total of 153 miRNAs across gestation in PTB pregnancies demonstrated significant changes (P , 0.05). Hierarchical clustering analysis of the average miRNA expression profiles across gestation revealed a variety of trends (Fig. 4) . Specifically, trends that had peak expression at the second trimester are clusters E, F, G, I, J, K, L, M, and N (E = 3, F = 4, G = 21, I = 5, J = 5, K = 8, L = 10, M = 9, N = 28); a trend that had peak expression at the beginning of the third trimester was identified in cluster A (A = 11); and decreasing trends in expression across gestation were observed for clusters B, C, D, and H (B = 12, C = 6, D = 20, H = 11). miRNAs with the largest maximum expression in each cluster are as follows ( Fig. 5 ; Table 3 ): A, hsa-let-7a-2-5p; B, hsa-miR-520a-3p; C, hsamiR-664a-3p; D, hsa-miR-4737; E, hsa-miR-3177-3p; F, hsa-miR-483-3p; G, hsa-miR-4433b-3p; H, hsa-miR130b-3p; I, hsa-miR-142-5p; J, hsa-miR-941-1; K, hsamiR-342-3p; L, hsa-miR-222-3p; M, hsa-miR-26a-2-5p; and N, hsa-miR-92a-1-3p.
Differential expression of exosomal miRNA across gestation in normal compared with PTB pregnancy A total of 173 miRNAs were found to significantly change (P , 0.05) across gestation for normal compared with PTB pregnancies. Hierarchical clustering analysis of the average miRNA expression profiles across gestation revealed a variety of trends (Fig. 6) . Specifically, trends that had the largest difference in expression within the first trimester comparing normal to PTB pregnancies are clusters I, M, and N (I = 8, M = 15, N = 43); trends that had the largest difference in expression within the second trimester comparing normal to PTB pregnancies are clusters A, D, F, G, J, and K (A = 14, D = 5, F = 5, G = 8, J = 17, K = 13); and trends that had the largest difference in expression within the third trimester comparing normal to PTB pregnancies are clusters B, C, E, H, and L (B = 5, C = 9, E = 12, H = 6, L = 13). miRNAs with the largest maximum expression in each cluster are as follows ( Fig. 7 ; Table 4 ): A, hsa-let-7b-3p; B, hsa-miR-197-3p; C, hsa-miR-148a-3p; D, hsa-miR-1304-3p; E, hsa-miR-101-1-3p; F, hsa-miR-10a-3p; G, hsa-miR-1304-5p; H, hsa-miR-145-5p; I, hsa-let-7i-3p; J, hsa-miR-128-1-3p; K, hsa-miR-1275; L, hsa-miR-1249-5p; M, hsa-miR-202-5p; and N, hsa-miR-1255b-2-3p.
Pathway analysis and gene target and gene ontology prediction
Gene target and pathway analyses of the largest maximum expression exosomal miRNAs that were revealed to be differentially expressed in term, PTB, and term vs PTB across gestation were analyzed using in silico tools, including the CyTargetLinker application in Cytoscape, as well as Ingenuity pathway analysis (IPA). In term, PTB, and term vs PTB pregnancies, the largest maximum expression miRNAs were linked to 645, 1677, and 686 target genes, respectively, and these gene targets were represented in at least two miRNA databases. The target genes of the differentially expressed miRNAs were subjected to gene ontology analysis using the BiNGO Linear mixed modeling of 167 statistically significant miRNAs that change across gestation for normal pregnancies. miRNA counts were normalized using the DESeq2 package in R prior to statistical analysis using the likelihood ratio test. Subsequently, linear mixed modeling was performed on the 167 statistically significant miRNAs (P , 0.05) that change across gestation for normal pregnancies, using the lme4 package in R. The data were scaled between 0 and 1 before hierarchical clustering analysis using Euclidean distance, which is displayed as a circular cladogram (generated using the ggtree package in R). Each color of the circular cladogram represents a different cluster and its trend, as shown in (A)-(N).
application in Cytoscape that identified a total of 1000, 1172, and 995 gene ontology terms, respectively, being regulated by these miRNAs. Within this gene ontology network, pathways regulating the immune system process were enriched (P , 0.05) in term and PTB pregnancies ( Fig. 8A and 8B ). Then, we performed a bioinformatics analysis on the largest maximum expression miRNA profile in term, PTB, and term vs PTB analysis, and our data establish that the differences in the miRNA profile between these groups target the signaling pathways associated with TGF-b signaling, p53, and glucocorticoid receptor signaling, respectively ( Fig. 8C-8E ).
Discussion
The aim of this study was to characterize serial changes in the exosomal miRNA concentration present in maternal circulation across gestation in term and PTB pregnancies.
We implemented an innovative approach using linear mixed modeling to determine exosomal miRNA expression as a function of gestational age in term and PTB pregnancies. The data obtained identified exosomal miRNA changes specific to term and PTB as a function of the gestational age during pregnancy.
Exosomal miRNA changes in normal pregnancies miRNA clusters that are differentially regulated are functionally linked to various physiologic and pathologic Figure 4 . Linear mixed modeling of 153 statistically significant miRNAs that change across gestation for PTB pregnancies. miRNA counts were normalized using the DESeq2 package in R prior to statistical analysis using the likelihood ratio test. Subsequently, linear mixed modeling was performed on the 153 statistically significant miRNAs (P , 0.05) that change across gestation for PTB pregnancies, using the lme4 package in R. The data were scaled between 0 and 1 before hierarchical clustering analysis using Euclidean distance, which is displayed as a circular cladogram (generated using the ggtree package in R). Each color of the circular cladogram represents a different cluster and its trend, as shown in (A)-(N).
doi: 10.1210/en.2018-00836 https://academic.oup.com/endo conditions during pregnancy. These functions include regulation of cell growth (miR-3200) (25) , control of cell transition factors in female reproductive tract by IGF receptor 1 and TGF-b receptor 2 functions (miR-3200-5p) (26) , anomalous placentation (miR-320a) (27) , epithelial mesenchymal transition involved in tissue remodeling (miR-25-3p) (28), gestational hypertension, preeclampsia, and intrauterine growth restriction (miR-143-3p) (29) , cell proliferation and migration (miR129-1 cluster) (30), oocyte aging and embryogenesis (miR-203a-3p) (29, 31) , cell proliferation and migration (miR-324-5p) (32), MAPK function and induction of cell cycle arrest as seen in senescent uterine cells (miR129-1 cluster) (30) , and immune responses and inflammatory reactions (miR-6769b-5p) (33) . miRNAs collectively represent TGF-b signaling during various stages of gestation ending in term deliveries (34, 35) . TGF-b is an anti-inflammatory cytokine, and ongoing work in the Menon laboratory suggests that they can contribute to epithelial mesenchymal transitions of amnion epithelial cells to maintain fetal membrane homeostasis. In placenta, TGF-b1 and IGFBP-3 have been shown to signal through TGF-b receptors to influence human cytotrophoblast proliferation (36) . Similarly, TGF-b1 upregulates connexin43-mediated gap junctional intercellular communication required for human trophoblast differentiation (37) . Therefore, miRNA profiling in exosomes during normal gestation and parturition indicates that TGF-b-mediated tissue homeostasis (regulates cellular proliferation and transitions) is required for pregnancy maintenance.
Exosomal miRNA changes in PTB
Examination of differentially expressed exosomal miRNA in PTB samples provided more distinct clusters than for normal birth. A summary of functional roles already reported for many of the miRNAs identified in exosomes from PTB suggests that miRNAs are functionally linked to cell cycle regulation (let-7a-2-5p) (38, 39) , MAPK kinase kinases and inhibition of cell growth Figure 6 . Linear mixed modeling of 173 statistically significant miRNAs that change across gestation when comparing normal to PTB pregnancies. miRNA counts were normalized using the DESeq2 package in R prior to statistical analysis using the likelihood ratio test. Subsequently, linear mixed modeling was performed on the 173 statistically significant miRNAs (P , 0.05) that change across gestation when comparing normal to PTB pregnancies, using the lme4 package in R. The data were scaled between 0 and 1 before hierarchical clustering analysis using Euclidean distance, which is displayed as a circular cladogram (generated using the ggtree package in R). Each color of the circular cladogram represents a different cluster and its trend, as shown in (A)-(N). Within the panels, red indicates normal pregnancies whereas blue indicates PTB pregnancies.
(miR-520a-3p) (40) , cellular transitions and inflammation (miR-520a-3p and miR-483-3p) (41, 42), placental oxidative stress response and impairment of mitochondrial function (miR-130b-3p and miR-4433b-3p) (43, 44) , macrophage programming contributing to inflammatory and oxidative stress damages (miR-142-5p) (45), preeclampsia (miR-342-3p) (46, 47) , as well as placental dysfunction and impaired fetal growth due to folate deficiency (miR-222-3p) (48) .
PTB
One of the key pathways affected in PTB (as determined in our IPA analysis) is a p53-mediated mechanism (49) . The function of p53 is overtly represented in exosomes during gestation ending in PTB compared with normal term birth. p53 is a well-reported tumor suppressor protein that is implicated in placental and decidual cell senescence and fetal membrane apoptosis (50) . Overrepresentation of the p53 pathway in exosomes during pregnancies ending in PTB suggests disturbances in normal cell cycle indicative of cellular senescence and/or programmed cell death.
IPA analysis of differentially expressed miRNAs represented glucocorticoid signaling as one of the key pathways implicated in PTB. Several reports by Zakar et al. (51, 52) and Zakar and Olson (53) have shown the effect of glucocorticoids on prostaglandin production (uterotonin) as well as their role in organ maturation and fetal Figure 8 . miRNA gene target and gene ontology analysis for the highest abundant miRNAs per cluster in each condition. Gene target analysis for significant and highest abundant miRNAs in each cluster for normal, PTB, and normal vs PTB pregnancies across gestation are shown. Gene ontology analysis for these gene targets showed enrichment for immune systems process in (A) normal and (B) PTB pregnancies. The yellow circles indicate statistically significant gene ontologies (P value ,0.05), while the change of color from yellow to orange indicates increasing statistical significance. Bioinformatics analysis on the largest maximum expression miRNA profile in (C) term, (D) PTB, and (E) term vs PTB show differences in the miRNA profile between these groups target signaling pathways (circled in green) associated with (C) TGF-b signalling, (D) p53, and (E) glucocorticoid receptor signalling.
growth. In most mammalian species, increased concentrations of glucocorticoids are evident in the maternal and fetal circulations and amniotic fluid prior to the onset of labor. Glucocorticoids directly increase fetal placental prostaglandin production, and they indirectly increase prostaglandin production by maternal uterine tissues through the stimulation of placental estradiol synthesis (54, 55) . Thus, exosomal miRNA representation of glucocorticoid signaling implicates untimely activation of this signaling in PTB during early gestation compared with those ending in normal term deliveries (56, 57) . The strengths of this study are longitudinal sampling at four separate time points from a well-defined cohort of subjects and technological approaches to isolate and characterize exosomal miRNAs. This study precisely is a hypothesis-generation work, and the pathways and networks identified in this study still need further testing using in vitro cell culture models or animal models. We have correlated the networks and pathways to pregnancy whenever data were available in the literature and or suggested potential functions based on the reported functions in other systems. Another important point about this study is that we profiled the miRNAs associated with the total circulating exosomes present in maternal plasma across gestation, and the origin of these exosomes (i.e., placenta) was not identified. Owing to technical difficulties, miRNA quantity that can be obtained from the fetal portion of maternal plasma (;15% to 20%) is not sufficient to yield a fetal-only miRNA signature. Thus, the miRNA profile is an indication of an overall change in fetal as well as maternal tissues and is not restricted to either fetal or uterine tissues. Regardless, the exosome miRNA profile is unique at different trimesters, at term and preterm, and it differs substantially between pregnancies ending up with preterm and term births. Irrespective of origin of exosomes, these are indicative of overall physiologic changes in fetomaternal tissues.
In summary, the exosomal miRNAs showing maximum expression for each trend of change were associated with inflammation and cellular movement for term pregnancy. Alternatively, the top molecular and cellular functions targeted by the top exosomal miRNAs in PTB were cell-to-cell signaling and interaction, cellular growth and proliferation, and cellular development. Comparative analysis between the exosomal miRNA in term and PTB reveals that main differences are in cell morphology and cellular development. The data presented in this study establish that circulating exosomes carry a specific set of miRNAs as a function of the gestational age in term pregnancy, and that the circulating exosomal miRNA profile changes in PTB pregnancies compared with normal term deliveries. We posit that exosomes may contribute to the inflammatory state and metabolic changes associated with pregnancy by the specific incorporation of miRNAs, which might be delivered to maternal cells to support the normal maternal physiological changes during gestation, a phenomenon dysregulated in PTB pregnancies.
